Introduction
============

Mesenchymal stem cells (MSCs) are pluripotent stem cells, which are formed during the early development of the mesoderm. With a high capacity for self-renewal and the potential for multi-directional differentiation, these cells are present in several tissues and can also be cultured *in vitro* ([@b1-ijmm-36-04-1057]). Under defined specific culture conditions, these MSCs can be induced to differentiate into neuronal cells, osteoblasts, chondrocytes, muscle cells and fat cells. Therefore, MCSs hold great promise for use in cell replacement therapy and tissue engineering ([@b1-ijmm-36-04-1057]). Baksh *et al* ([@b2-ijmm-36-04-1057]) found that human umbilical cord-derived MSCs (hUCMSCs) have a strong proliferative and differentiation potential. As hUMSCs are obtained using non-invasive procedures, thus avoiding ethical restrictions, they are considered an ideal source of human-derived MSCs for use in clinical studies and research.

Gangliosides, a class of glycosphingolipids containing sialic acid, are present in the cell membrane of various cell types in vertebrates and are particularly present in high levels in the gray matter of the brain. Gangliosides are associated with nerve cell differentiation and the length of neurites, as well as the formation of synapses ([@b3-ijmm-36-04-1057]). Monosialoteterahexosyl ganglioside (GM1) is a major ganglioside species in mammals, and it has been shown that the application of exogenous GM1 promotes cell regeneration in the nervous system and the formation of synapses ([@b4-ijmm-36-04-1057]). In the present study, we demonstrate that GM1 is effective in inducing the differentiation of hUMSCs into neuron-like cells *in vitro*. We further investigated the related mechanisms and observed that the expression of several markers of neuronal cells was induced by GM1 in the hUMSCs within a time span of 6 h.

Materials and methods
=====================

Materials
---------

Human umbilical cords obtained from women with full-term pregnancies whose babies were delivered by cesarean section were provided by the Obstetrics-Gynecology Department of the Second Affiliated Hospital of Hebei Medical University, Shijiazhuang, China. This study was approved by the Ethics Committee of the Second Hospital of Hebei Medical University. The single sialic acid four hexose ganglion glucoside ester sodium injection was obtained from Qilu Pharmaceuticals (Jinan, China); L-DMEM/F-12, H-DMEM/F-12 and fetal bovine serum (FBS) were obtained from Gibco (Carlsbad, CA, USA); penicillin-streptomycin was from Beijing Solarbio Science and Technology (Beijing, China) and paraformaldehyde was obtained from the Tianjin Institute of Chemical Preparations (Tianjin, China). Antibody against human epidermal growth factor EGF (huEGF) was purchased from Beijing Jiamei North Biological Technology (Beijing, China); FITC-CD19 (561295), FITC-CD34 (Rs-0646III), PE-CD11b (BYK-11127R), PE-CD73 (ANT-414), PE-CD90 (ab92574), PE-CD45 (PRO-482), PE-CD105 (CYT-424) antibodies and antibody to glial fibrillary acidic protein (GFAP; DIA-0302) were obtained from Becton-Dickinson (San Jose, CA, USA); antibody to neurofilament protein (NF-H; MAB1615) was from Cell Signaling Technology (Beverly, MA, USA); antibody to microtubule binding protein-2 (MAP-2; AB5622) was from Millipore (Billerica, MA, USA) and the PS immunohistochemistry kit was from Beijing Zhongshan Golden Bridge Biotechnology, Co. (Beijing, China).

Methods
-------

### Isolation and culture of hUMSCs

Following delivery, the collected umbilical cords were placed in high glucose Dulbecco\'s Modified Eagle\'s Medium (H-DMEM)/F12 culture medium under aseptic conditions, stored at 4°C and then transported to a cell culture room within 2 h for processing as follows: the umbilical cords were rinsed thoroughly with D-Hank\'s medium, and the umbilical artery and umbilical vein were removed after withdrawing the blood sample. The tissue was cut into 1-mm^3^ sections, digested with 0.2% collagenase II and then placed into a culture flask containing 2 ng/ml EGF, 20% FBS, 25 mM L-glutamic acid and 100 U/ml penicillin-streptomycin mixture in H-DMEM/F12. The flask was placed into an incubator at 37°C with 5% CO~2~ and saturated humidity to obtain primary cells. When the cells achieved 80--90% confluency, they were passaged 1:3 following digestion with trypsin 0.25%-ethylenediaminetetraacetic acid (EDTA) 0.2 g/l into single cells. The culture medium used during passaging was H-DMEM/F12 containing 100 U/ml penicillin streptomycin/mixture and 10% FBS.

### Analysis of the cellular phenotype of hUMSCs

Single cell suspensions of hUMSCs in the logarithmic growth phase were prepared and then placed into 10 tubes at 1×10^6^/tube in phosphate-buffered saline (PBS). Mouse anti-human monoclonal antibodies to CD11-PE, CD45-PE, CD73-PE, CD90-PE, CD105-PE, HLA-DR-PE (P8950; Biotechnology LP and Sigma-Aldrich Co., St. Louis, MO, USA), CD19-FITC and CD34-FITC were added separately (each 5 *µ*l) into 8 tubes. Anti-mouse IgG1-PE and anti-mouse IgG1-FITC antibody (each 7 *µ*l) were added to the other 2 tubes as isotype controls. The cells and antibodies in all tubes were mixed thoroughly and incubated at 4°C for 30 min. The cells were then rinsed in PBS and resuspended in 400 *µ*l of PBS prior to detection by flow cytometry.

### Differentiation of hUMSCs into neuron-like cells

The hUMSCs of the third passage in the logarithmic growth phase were rinsed twice with PBS and digested with trypsin 0.25%-EDTA 0.2 g/l. After terminating the digestion with FBS, the cells were centrifuged at 1,500 rpm at 37°C, resuspended in culture medium and seeded at 1×10^5^/ml into 5 polylysine-coated 6-well cell culture plates. The plates were divided randomly into 5 groups (groups A--E). When the cells achieved 70--80% confluency, GM1 induction solution was added to groups A--D at concentrations of 50, 100, 150 and 200 *µ*g/ml, respectively. Only low glucose DMEM (L-DMEM) was added to group E (control). All of the treated plates were incubated for 6 h at 37°C with 5% CO~2~ and saturated humidity, and the morphological changes in the cells were observed using an inverted phase contrast microscope (serial no. G02B21/00; Olympus Optical Company, Ltd., Tokyo, Japan) every hour during this incubation period.

### Identification of differentiated cells

Following the induction of differentiation for 6 h, the expression levels of the neuronal-specific proteins, MAP-2, NF-H and GFAP, were detected by immunohistochemistry as follows: the culture medium was discarded, and the cells were rinsed gently once with PBS prior to fixing with 4% paraformaldehyde for 20 min at room temperature. After this step and all subsequent steps, the cells were rinsed with PBS (3×5 min) unless otherwise stated. The cell membranes were then disrupted with PBS containing 0.5% Triton X-100 for 15 min at room temperature away from light. Following incubation with 3% H~2~O~2~ at room temperature for 5 min, normal goat serum was added for blocking at room temperature for 15 min. The blocking solution was removed, and primary antibodies to MAP-2, GFAP and NF-H were then added (each diluted 1:200) in PBS. Following incubation at 4°C overnight, biotinylated secondary antibody (15180A01; Zhongshan Golden Bridge Biotechnology, Co.) was added to the cells followed by further incubation at room temperature for 15 min, followed by the addition of horseradish peroxidase-conjugated streptavidin at room temperature for 15 min. Color development was performed by adding freshly prepared diaminobenzidine (DAB; Zhongshan Golden Bridge Biotechnology, Co.) for 1 min. After counterstaining with hematoxylin, the cells were rinsed repeatedly with water.

Following the induction of differentiation for 6 h, the expression levels of the neuroal-specific proteins, MAP-2, NF-H and GFAP, were also detected by immunofluorescence staining as follows: the medium from the culture plates was discarded, and the cells were rinsed once gently with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. The cells were then rinsed with PBS (3×5 min) unless otherwise stated. The cell membranes were disrupted with PBS containing 0.5% Triton X-100 for 15 min at room temperature away from light. PBS with 2% BSA was used for blocking at room temperature for 1 h. Primary antibodies to MAP-2, GFAP and NF-H, each diluted at 1:200, were then added followed by incubation at 4°C overnight, followed by the addition of the secondary antibody at 37°C for 0.5 h in the dark. After the secondary antibody was removed, 4′,6-diamidino-2-phenylindole (DAPI; Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany) was added to stain the nucleus at room temperature for 15 min. After the final rinse with PBS (3×5 min), the samples were examined under a fluorescence microscope (serial no. G02B21/00; Olympus Optical Company, Ltd.).

### Determination of neuron-like cell ratios

A total of 10 non-overlapping fields in each group were selected under an inverted microscope, and the total number of cells and neuron-like cells was determined. The proportion of neuron-like cells in each group was analyzed using an χ^2^ test and the results are presented as the means ± SEM.

### Statistical analysis

SPSS 19.0 software was used to perform statistical analysis of the experimental data with a completely randomized design by analysis of variance among groups and the Student-Newman-Keuls (SNK) method (Q-test). A value of P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Growth and morphological changes of hUMSCs
------------------------------------------

At 12 after passaging the primary cultured cells (1:1), the majority of the cells became adherent, but were not outstretched and were triangular or diamond-shaped. The cell culture medium was replaced to remove the non-adherent cells after 24 h. The adherent cells proliferated rapidly and became significantly larger, appearing uniformly as long fusiform shapes after 48 in culture. On the 7th day, the cells reached 80--90% confluency in a radial or spiral pattern with no overlap. The majority of the cells had adhered to the plates after 24 h and achieved 80--90% confluency on the 7th day, arranged in a radial or spiral pattern ([Fig. 1A](#f1-ijmm-36-04-1057){ref-type="fig"}).

Cellular phenotype of the hUMSCs
--------------------------------

The examination of the cellular phenotype of the hUMSCs at passage 2, 5 and 6 by flow cytometry revealed that the cells co-expressed CD105, CD90 and CD73, but not CD11b, CD34, CD19, CD45 or histocompatibility antigen HLA-DR (MHC-II) ([Fig. 2](#f2-ijmm-36-04-1057){ref-type="fig"}).

Morphological and quantitative changes of neuron-like cells
-----------------------------------------------------------

Following induction with GM1 for 1 h, some of the cell bodies in each experimental group contracted into elliptical shapes and then extended protuberances from two poles, which appeared like spindles. Group D had the most neuron-like cells, while group A had the least. Following the induction of differentiation for 3 h, the neuron-like cells with longer protuberances gradually increased in all the experimental groups, but group D still had the most. Following the induction of differentiation for 4 h, the number of neuron-like cells in groups A--C continued to increase and the cells appeared as bipolar or multipolar cells ([Fig. 1B](#f1-ijmm-36-04-1057){ref-type="fig"}), while the number of neuron-like cells in group D began to decline. Following the induction of differentiation for 5 h, the number of neuron-like cells did not increase further in groups A and B, and some of the cells even became detached. However, group C had the most neuron-like cells, although some cells became detached as well. Group D had an abundant number of detached neuron-like cells. Following the induction of differentiation for 6 h, no neuron-like cells were observed in groups A--C, and only a few of them were observed in group D. No obvious changes in the number of neuron-like cells were observed before and after sham-induction in the controls (group E). [Fig. 3](#f3-ijmm-36-04-1057){ref-type="fig"} illustrates the changes in the proportion of neuron-like cells in each experimental group over the induction period.

Immunocytochemical detection of neuron-specific markers
-------------------------------------------------------

The immunocytochemical staining of NF-H and MAP-2 in the majority of neuron-like cells was positive, while GFAP was negative in the hMSCs treated for 6 h with various concentrations of GM1 ([Fig. 4I](#f4-ijmm-36-04-1057){ref-type="fig"}). By contrast, no cells were positively stained for these markers in the control group, and immunocytochemical staining was negative when PBS was used instead of the primary antibody ([Fig. 4J](#f4-ijmm-36-04-1057){ref-type="fig"}).

Discussion
==========

MSCs are adult stem cells derived from the mesoderm and can be isolated from tissues such as bone marrow, fat, placenta, umbilical cord blood and the umbilical cord. They have the potential of self-renewal, as well as high proliferative and multi-directional differentiation potential. Compared to stem cells derived from bone marrow, placenta and other tissues, hUMSCs have greater practical advantages. First, the umbilical cord as a source of stem cells has no associated ethical controversy and can be readily obtained at a low cost. Second, hUMSCs will not cause teratomas and have tumor suppressor properties. Since hUMSCs also have advantageous properties, such as low immunogenicity, migratory ability and genetic stability, as well as immune regulation, stroma support and paracrine functions, they hold great potential for use in clinical treatments ([@b5-ijmm-36-04-1057]). Studies on the transplantation of MSCs for the treatment of nervous system diseases have achieved encouraging results ([@b6-ijmm-36-04-1057],[@b7-ijmm-36-04-1057]). However, animal experiments have shown that only a small proportion of MSCs transplanted into damaged nerve tissue can differentiate into neuron-like cells ([@b8-ijmm-36-04-1057],[@b9-ijmm-36-04-1057]). *In vitro* experiments have also demonstrated that although the injured spinal cord tissue fluid can induce bone marrow-derived stem cells (BMSCs) to differentiate into neuron-like cells, the differentiation rate is not high ([@b10-ijmm-36-04-1057],[@b11-ijmm-36-04-1057]). Therefore, finding drugs which can induce or promote the differentiation of MSCs into neuronal cells is important. This study confirmed that ganglioside GM1 induced hUMSCs to differentiate into neuron-like cells *in vitro*, characterized by the expression of the neuron-specific proteins, MAP-2 and NF-H, but not that of the astrocyte marker, GFAP.

Gangliosides are glycosphingolipids that contain sialic acid and are formed by hydrophobic ceramide and hydrophilic single sialic acid oligosaccharide chains. GM1 has been confirmed to have effects on cell-cell recognition and transmembrane signal transmission and adhesion. It can also regulate polypeptide growth factors to influence cell proliferation and promote cell maturation ([@b12-ijmm-36-04-1057]). Exogenous gangliosides can cross the blood brain barrier and promote nerve pullulation, axonal regeneration and synapse formation ([@b13-ijmm-36-04-1057]). They can also regulate and enhance the role of neurotrophic factors ([@b14-ijmm-36-04-1057]), resist apoptosis after nerve injury ([@b15-ijmm-36-04-1057]) and promote the proliferation of neural stem cells ([@b16-ijmm-36-04-1057]).

Zhao *et al* ([@b17-ijmm-36-04-1057]) demonstrated that sub-totipotent stem cells still retain sub-totipotent genes after the embryo has developed into an adult, but they gradually lose some of the original stem cell phenotype. If the tissue-specific gene expression program of such cells is activated in an appropriate microenvironment, they can differentiate into various histiocytes. As hUMSCs are sub-totipotent stem cells, GM1 may provide a microenvironment to activate the specific expression programs of nerve cells and thereby induce them to differentiate into neural cells. At least three mechanisms of activation are possible. First, GM1 may exert its effects on transmembrane ion flow in the hUMSCs. Ca^2+^ is a second messenger in cells, and changes in its concentration inside and outside of cells and its flow across the membrane, which are regulated by the Ca^2+^-ATP enzyme, may cause different biological consequences. Cui *et al* ([@b18-ijmm-36-04-1057]) indicated that exogenous GM3 has bidirectional regulatory effects on Ca^2+^-ATP enzyme activity, e.g., inhibition at low density and activation at high density. Liu *et al* ([@b19-ijmm-36-04-1057]) pointed out that TMP as a Ca^2+^ chelator may inhibit intracellular Ca^2+^ signaling to upregulate the gene expression of NSE and Nurrl, thereby accelerating the differentiation of hUMSCs into nerve cells. Thus, GM1 (especially at 150 *µ*g/ml) may inhibit the Ca^2+^-ATP enzyme at the cell membrane of hUMSCs, thereby reducing the concentration of intracellular Ca^2+^ and affect the signal transduction, ultimately inducing expression of neuron-specific genes and promoting differentiation into nerve cells. The second possible explanation for the mechanism of action by GM1 may be through its effects on nerve growth factor (NGF). GM1 can promote the generation of NGF ([@b20-ijmm-36-04-1057]), and the high concentration of neurotrophic factors may simulate a microenvironment during embryonic developmental stages of neurogenesis. A neurotrophic factor enriched environment can increase the expression of MsC membrane proteins TrkA, TrkB and TkrC, which are neurotrophic factor receptors. The binding of neurotrophin with its receptor would initiate altered gene expression ([@b21-ijmm-36-04-1057]) and promote MSC differentiation into nerve cells. Finally, the impact of GM1 on hUMSCs may be on the length of neurites by activating an ectopic protein kinase on the surface of the cell membrane. This ganglioside sensitive protein kinase may serve as a transfersome to transmit signals from the outside of the cell to the inside, thus regulating the growth and length of the neurite.

In conclusion, gangliosides have been widely used as neuroprotective drugs and have played a positive role in clinic treatments. In this study, GM1 was shown to facilitate the development of neuron-like cells from primary hUMSCs *in vitro*. However, whether GM1 can induce hUMSCs transplanted *in vivo* to differentiate into neural cells effectively will require further study.
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![Morphology of human umbilical cord-derived mesenchymal stem cells (hUMSCs). (A) Spiral shaped hUMSCs before induction (×40 magnification). (B) Arrows indicate neuron-like cells after induction (×100 magnification).](IJMM-36-04-1057-g00){#f1-ijmm-36-04-1057}

![Surface marker expression in human umbilical cord-derived mesenchymal stem cells (hUMSCs) detected by flow cytometry. The percentages of hUMSCs which expressed (A) CD73, CD90 and CD105 were 99.61, 100 and 99.07%, respectively. However, the percentages of hUMSCs which expressed (B and C) CD19, CD34, CD11b and CD45 and the expression of (B--D) isotype controls and HLA-DR were very low, which verifies that the cells we cultured were mesenchymal stem cells but not hematopoietic stem cells.](IJMM-36-04-1057-g01){#f2-ijmm-36-04-1057}

![Proportion of neuron-like cells in each group over time following the induction of differentiation by monosialoteterahexosyl ganglioside (GM1).](IJMM-36-04-1057-g02){#f3-ijmm-36-04-1057}

![Staining for neuronal markers in human umbilical cord-derived mesenchymal stem cells (hUMSCs) induced to differentiate by monosialoteterahexosyl ganglioside (GM1). (A--D) Immunocytochemical detection of NF-H in treatment groups A--D, respectively. (E--H) Immunocytochemical detection of microtubule-associated protein-2 (MAP-2) in treatment groups A--D, respectively. (D and H) Immunofluorescence detection of neuron-specific markers. Arrows indicate positive cells in panels (A, C and H). The arrow in panel I shows that the immunocytochemical staining of GFAP was negative. (J) No neuron-like cells were found in the control group and no cells were positively stained for neuronal marker (A--J, ×200 magnification).](IJMM-36-04-1057-g03){#f4-ijmm-36-04-1057}

###### 

Comparison of neuron-like cell antigen expression in hUMSCs induced by different concentrations of GM1 after 6 h.

  Group         NF-H (%)                                                                                                     MAP-2 (%)
  ------------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------
  50 *µ*g/ml    14.43±1.15[b](#tfn3-ijmm-36-04-1057){ref-type="table-fn"}                                                    14.12±1.36[e](#tfn6-ijmm-36-04-1057){ref-type="table-fn"}
  100 *µ*g/ml   19.67±1.26[a](#tfn2-ijmm-36-04-1057){ref-type="table-fn"},[b](#tfn3-ijmm-36-04-1057){ref-type="table-fn"}    19.92±2.79[d](#tfn5-ijmm-36-04-1057){ref-type="table-fn"},[e](#tfn6-ijmm-36-04-1057){ref-type="table-fn"}
  150 *µ*g/ml   37.44±2.23[a](#tfn2-ijmm-36-04-1057){ref-type="table-fn"}--[c](#tfn4-ijmm-36-04-1057){ref-type="table-fn"}   37.46±3.27[d](#tfn5-ijmm-36-04-1057){ref-type="table-fn"}--[f](#tfn7-ijmm-36-04-1057){ref-type="table-fn"}
  200 *µ*g/ml   9.90±1.06[a](#tfn2-ijmm-36-04-1057){ref-type="table-fn"}                                                     10.02±1.57[d](#tfn5-ijmm-36-04-1057){ref-type="table-fn"}
  Control       0                                                                                                            0

F~1~=322.70;

P\<0.01 vs. 50 *µ*g/ml-treated group;

P\<0.01 vs. 200 *µ*g/ml-treated group;

P\<0.01 vs. 100 *µ*g/ml-treated group; F~2~=128.32;

P\<0.01 vs. 50 *µ*g/ml-treated group;

P\<0.01 vs. 200 *µ*g/ml-treated group;

P\<0.01 vs. 100 *µ*g/ml-treated group. hUMSCs, human umbilical cord-derived mesenchymal stem cells; GM1, monosialoteterahexosyl ganglioside; NF-H, neurofilament protein; MAP-2, microtubule-associated protein-2. Data represent the means ± SEM from 4 different experiments.
